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Objectives: Neonatal cardiac surgery has been associated with unfavorable neuro-
developmental events. We investigated a patient cohort operated on predominantly
with full-flow cardiopulmonary bypass (150 mL · kg1 · min1, -stat, -blockade,
median arrest  6 minutes, temperature of 22°C) as the major support strategy for
neonatal arterial switch operations (transposition of the great arteries and intact
ventricular septum).
Methods: Seventy-four patients and “best-friend” control subjects were assessed
109 months (range, 48-166 months) postoperatively with general medical and
neurologic evaluation, IQ testing, formal movement scores, and detailed parent-
teacher behavioral-social reports. Fetal, neonatal, and perioperative data were collated.
Results: The prevalence of perioperative seizures was 6.8% (4/5 cases occurring
preoperatively). The incidence of all perioperative neurologic abnormalities was
20%. Patients who had a neurologic event were (as a group) older at the time of
operation and had a lower arterial blood pH before the operation. Selected periop-
erative factors (not related directly to cardiopulmonary bypass variables) predicted
early (before discharge) neurologic outcome in a multivariate model. At late
assessment, patients were more likely than control subjects to have a mild neuro-
logic abnormality (P  0.002). Full-scale IQ scores (Wechsler Preschool and
Primary Scale of Intelligence and Wechsler Intelligence Scale for Children—Third
Edition) were higher in control subjects (101.9 [SD  13] vs 108.6 [SD  12], P
 .0007), with both groups having scores greater than the population-based test
means. Full-scale IQ scores related most significantly to years of paternal education
(  1.51, P  .0078) but were also influenced by perioperative neurologic
abnormalities, birth weight, and circulatory arrest time. Patients had higher motor
impairment scores (Movement Assessment Battery) than control subjects (P 
.0004). Parents (Achenbach Child Development Checklist) assigned higher total
social-behavioral competence scores to control subjects (P  .05). Teachers
(Achenbach Teacher Report Form) suggested that patients were more likely to be
perceived as having various speech and expressive language problems, as well as
minor behavioral problems.
Conclusion: With the perioperative strategies used, not all survivors can be consid-
ered (neurodevelopmentally) normal at late follow-up, although the risk of impor-
tant impairment is low. Perioperative events might have long-term prognostic value.
On the basis of this study and published data regarding other strategies, continued
application of full-flow cardiopulmonary bypass is justified, with the proviso that
further investigation is required.
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The excellent hemodynamic results of the ar-terial switch operation (ASO) have appropri-ately shifted attention from survival (as thesole outcome indicator) to late neurodevel-opmental status.1-10 Much of the latter workhas been directed toward analysis of the
influence of perioperative events, with emphasis on the
conduct of cardiopulmonary bypass (CPB).
Some neonates undergoing cardiac surgery might have
subtle deficiencies when assessed later in life with sensitive
neurodevelopmental instruments.9,11-15 Moreover, for pa-
tients who have had deep hypothermia and circulatory arrest
(DHCA), the outcome might be worse than that for control
subjects operated on with low-flow hypothermic CPB or
other strategies. Perioperative seizure activity is related to
the use and duration of circulatory arrest and might predict
late neurologic problems and poorer results of childhood
intelligence tests.1,2,10,13 Analysis and comparison of results
has been somewhat difficult because of the spectrum of
severity (anatomic and physiologic) of the lesions investi-
gated, variability in follow-up time, diversity in periopera-
tive strategy, preoperative status, and other factors.
Patients with transposition of the great arteries (TGA)
and intact ventricular septum (IVS) undergoing ASO con-
stitute an ideal cohort for a neurodevelopmental outcome
study. The patients are neonates, anatomically similar, and
have a low incidence of associated abnormalities or syn-
dromes. In our own practice the surgical indications and
strategies have been quite standardized since the early
1980s. The operative mortality is less than 1% in many large
centers (including the Royal Children’s Hospital during the
study period), and the need for reoperation has been
rare.16-18 Likewise, late mortality has been unusual. Finally,
the relatively normal postoperative physiology allows one
to better segregate and assess the perioperative factors af-
fecting long-term outcome.
ASO for TGA and IVS can be performed safely with
full-flow (150 mL · kg1 · min1) CPB, limiting the circu-
latory arrest time to what is required to close the atrial septal
defect. This latter method has been our strategy since the
introduction of the ASO in Melbourne in the early
1980s.16,19 Taking into account the published results of
ASO with reduced flow or DHCA as the primary CPB
strategy, it might be logically suggested (although un-
proved) that if low-flow CPB is better than DHCA, then
full-flow CPB might be better than either strategy. We
analyzed early and late outcome for our own cohort oper-
ated on primarily with full-flow CPB. We include the first
report of late neurodevelopmental results for patients with
TGA operated on with this strategy.
In the current study we address the following questions:
1. How do survivors of the ASO for TGA-IVS compare
with their peers who did not need cardiac surgery?
2. Can we predict late neurodevelopmental outcome with
information that is available to us perioperatively,
allowing us to modify future treatment strategies to
the patients’ benefit?
Methods
With the approval of the Royal Children’s Hospital Ethics in
Research Committee, we invited ASO survivors who were at least
48 months of age, as well as their parents and teachers, to partic-
ipate in our study. We included all consenting families available
for interview and assessment in the Australian states of Victoria,
South Australia, and Tasmania. Children from more distant areas
(eg, Western Australia, Northern Territories, and Southeast Asia)
could not be included because of logistic and funding consider-
ations. We were therefore able to assess 40% of all eligible patients
and 90% of eligible patients residing within the state of Victoria.
“Best-friend” control subjects were nominated by patients or their
families and were found to be well matched (see the “Results”
section). When possible, children and control subjects were as-
sessed concurrently.
Data collection was performed by a team including cardiac
surgeons, a cardiac intensive care unit (ICU) nurse who also served
as study coordinator, a developmental pediatrician, a pediatric
cardiologist, and a pediatric neuropsychologist–speech patholo-
gist. Standard, well-validated neurodevelopmental tests were ad-
ministered, and a general medical and neurologic evaluation was
performed (Figure 1 and Appendix). Fetal, neonatal, and periop-
erative data were collated from hospital and departmental data-
bases, as well as from direct medical chart review. Parents and
teachers were queried regarding child behavioral and social devel-
opment by using standardized forms and a standardized interview-
ing format (Appendix). Data analysis was performed in a number
of ways, according to the type of variables under consideration.
Normality of distribution of continuous variables was tested with
the Kolmorogov-Smirnov method. Normally distributed continu-
ous variables were compared by using the Student t test. Nonnor-
mally distributed variables were compared by using Mann-Whit-
ney nonparametric analysis. Fisher and 2 tests were used for
univariate comparison of proportional outcome. All tests were
2-tailed, and data were paired whenever appropriate. Analysis of
the Teacher Report Form data was performed by using a test for
paired proportions.20 To create a predictive model for IQ, we used
multivariate linear regression after mathematic selection of candi-
date variables. All confidence intervals (CIs) are 95% unless
otherwise stated. Statistical software used included Prism 3.0,
Instat, and Statmate (all from Graphpad Software, Inc, San Diego,
Calif); NCSS (Statistical Software, Kaysville, Utah); and Stata
(Release 7; Stata Corp, College Station, Tex). The power of this
analysis to detect a difference of 0.5 SD in IQ score (see below)
was 85% at P  .05.
Patients
Seventy-four patients and 74 “best-friend” control subjects were
available for this study. The patients had all undergone ASO for
TGA-IVS between 1988 and 1994 at a median age of 9 days
(range, 0-118 days). Patients with more complex forms of TGA
(ventricular septal defect, arch obstruction, and Taussig-Bing
heart) were not included, in order to minimize confounding tech-
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nical, anatomic, and age-related variables. Mean gestational age
was 39.6 weeks (SD 1.5), and mean weight at the time of ASO was
3.42 kg (SD 0.46). Preoperatively, the diagnosis was established
with clinical assessment and echocardiography. Angiography and
catheter-based hemodynamic studies were not usually used. Pros-
taglandin E1 (PGE1) was administered if oxygenation was not
acceptable (hemoglobin SO2 80%), and balloon atrial septos-
tomy was routinely performed preoperatively. The emphasis was
adequate preoperative resuscitation rather than emergency opera-
tion. Preoperative establishment of enteral feeding was considered
important for patients not receiving PGE1.
Patients were operated on by using a uniform intent-to-treat
strategy involving a CPB flow of 150 mL · kg1 · min1 at a
minimum temperature of 22° C, with an alpha-stat pH strategy
during hypothermia. Hemoglobin was maintained at 8 to 9 g/dL
during CPB, and fresh (24 hours old) heparinized (noncitrated)
blood was used in the CPB circuit prime. We also used pre-CPB
-blockade with phenoxybenzamine (1 mg/kg) and a single dose
of methylprednisolone (30 mg/kg) in the priming solution. CPB
was established with aortic and right atrial cannulation. Flow was
150 mL · kg1 · min1 for all temperatures (22°C-37°C), and our
intention was to avoid circulatory arrest, except for the period
required to close the atrial septal defect (median, 6 minutes; range,
3-40 minutes; 25th percentile, 5 minutes; 75th percentile, 8 min-
utes). This arrest period was necessary because of the routine use
of single atrial cannulation during the study period. The median
crossclamp time was 60 minutes (range, 39-101 minutes; 25th
percentile, 49 minutes; 75th percentile, 68 minutes), and the me-
dian CPB time was 117 minutes (range, 78-275 minutes; 25th
percentile, 106 minutes; 75th percentile, 130 minutes).
Postoperative management included sedation with a continuous
morphine infusion (10-60 g · kg1 · h1) and paralysis with
intermittent pancuronium injections (0.1-0.15 mg/kg) for 12 to 48
hours. Peritoneal dialysis was used as required for control of fluid
balance, metabolic milieu, and core temperature.16,19 Early cessa-
tion of narcotics and muscle relaxants was encouraged to allow
ventilator independence (median, 3 days; range, 1-18 days) and
enteral feeding. We generally continued -blockade with phenoxy-
benzamine (0.5 mg/kg every 12 hours) for 3 days. The median
time in the ICU during the course of this study was 3 days.
Figure 2. Neurologic abnormalities noted after the ASO for TGA-IVS before hospital discharge. The overall
incidence was 20% (95% CI, 12%-31%). Four of 5 patients with clinical seizure activity also had the abnormality
before the operation.
Figure 1. Assessment battery used to determine early and late neurodevelopmental outcome for neonates
undergoing the ASO for TGA-IVS. See the Appendix for further explanation of the instruments used.
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Results
Perioperative Observations
In the perioperative period (defined as birth to hospital
discharge), 15 (20%; 95% CI, 12%-31%) of 74 patients
were noted to have some type of neurologic abnormality
(Figure 2). Electroencephalographic (EEG) monitoring was
not routinely used during the study period, and therefore the
true incidence of ictal cerebral activity is unknown (and thus
probably underestimated). However, clinical seizures (de-
fined as spontaneous repetitive or sustained abnormal facial
extremity or generalized movements) were observed in 5
(6.8%; 95% CI, 2%-15%) of 74 patients. Moreover, in 4 of
5 patients the clinical seizures were first observed preoper-
atively. Various clinically relevant fetal and perioperative
variables were compared for patients with neurologic ab-
normalities and those without. The analysis included vari-
ables relating to the conduct of CPB, including duration of
circulatory arrest, duration of CPB, and ischemic time.
Patients who had a neurologic event (as a group) had a
lower arterial blood pH before the operation. Some periop-
erative events (use of PGE1 immediately before the opera-
tion, sepsis, low pH postoperatively, and longer ICU stay)
were associated with early (predischarge) neurologic out-
come in a multivariate model (Table 1). No variable directly
related to the conduct of CPB had predictive value. Like-
wise, the detection of clinical perioperative seizures was not
predictive of epilepsy at later follow-up. The latter problem
was observed in a single child, who was not noted to have
perioperative seizures. Likewise, perioperative seizure ac-
tivity as an isolated event did not significantly predict
poorer performance on later IQ testing (see below).
Later Observations
The median patient age at the time of late assessment was
109 months (range, 48-166 months). The “best-friend” con-
trol subjects were compared with the patient cohort to see
whether bias might have been introduced. We found the 2
groups to be well matched in relation to family, social,
medical, and other aspects (Table 2).
Patients and control subjects were compared in various
other respects to assess general development, quality of life,
and freedom from medical treatment. Height and weight
percentiles were similar for the 2 groups (58.7% vs 62.6%
[P  .09] and 55.1% vs 59.1% [P  .47], respectively).
Four of 74 patients and 3 of 74 control subjects required
medication on a chronic basis (P  1.0), none for cardiac
indications. Nine of 74 control subjects and 15 of 74 pa-
tients had required hospitalization after the neonatal period
(P  .26). Five of the 15 patients had a cardiac indication
for their hospitalization. Fifteen of 74 control subjects and
14 of 74 patients had required medical treatment for extra-
cardiac problems (P  1.0). Four of 74 control subjects and
11 of 74 patients were considered to be hyperactive (P 
.1). Six of 74 patients but no control subjects had some type
of chest wall deformity (P  .03).
Percentile ranks for head circumference were compared
in patients and control subjects and were found to be lower
in the former group (48.7% [SD 24] vs 60.7% [SD 23.4]; P
 .004, paired t test).
Patients and control subjects were assessed for the pres-
ence of neurologic deficits at late follow-up. Everyday mo-
tor skills of both patients and control subjects were evalu-
ated according to the Movement Assessment Battery for
Children (Appendix). The patients’ overall manual dexterity
scores were higher (ie, worse) for patients (4.99 [SD 0.35]
vs 3.4 [SD 0.31], P .002), and patients also tended to have
worse total static-dynamic balance scores (2.74 [SD 0.36]
vs 1.88 [SD 0.29], P  .03). The total motor impairment
TABLE 1. Variables examined in patients who had a neu-
rologic event and those who did not (upper box)
Variable
No neurologic
event
Neurologic
event P value
Birth weight (g) 3441 (57) 3353 (146) .5
Age at operation (d) 11.5 (2.1) 13.8 (1.9) .59
Lowest PO2 preop (mm) 24.8 (0.93) 23.3 (1.6) .44
Lowest PO2 postop (mm) 70.2 (1.3) 73.7 (2.5) .23
Lowest pH preop 7.3 (0.01) 7.25 (.03) .04
Lowest pH postop 7.38 (.008) 7.39 (.014) .56
Lowest mean BP preop 39.1 (0.48) 37.3 (1.2) .12
Lowest mean BP postop 38.4 (0.5) 39.6 (0.65) .26
Gestational age (wk) 39.6 (.12) 39.5 (0.5) .94
Apgar score 1 min 6.9 (0.2) 6.1 (0.4) .07
Apgar score 5 min 8.5 (0.1) 8.3 (0.2) .54
CPB time (min) 117 (2.4) 135 (11.2) .13
Circulatory arrest time (min) 7.9 (0.8) 5.7 (0.4) .02
Aortic clamp time (min) 60.3 (1.7) 57.8 (3) .5
Days in ICU postop 3 (0.1) 5.9 (1.5) .07
Days ventilated 2.6 (0.15) 4.8 (1.3) .08
Time septostomy-ASO (d) 9.2 (1.5) 12.1 (2.2) .37
Transport time to RCH (h) 35.4 (9.1) 26.4 (9.2) .63
Days in hospital 17.7 (0.82) 22 (2) .03
Sepsis during hospitalization 7/59 6/15 .02
PGE1 at time of ASO 4/59 4/15 .05
Variable Odds ratio 95% CI
P
(vs   0)
PGE1 10.21 1.08-96.64 .043
Sepsis 9.05 1.42-57.54 .020
Low pH postop 1.27e07 2.31-31.88 .039
Days in ICU 2.57 1.31-5.03 .006
Unpaired t tests were used for continuous variables. For contingency
tables, we used the Fisher exact method. The lower box presents a logistic
regression analysis with the 3 univariables, which had a P of less than .05.
The odds ratio for intensive care unit days could be compounded to have
a strong effect, but in a retrospective study, the question of cause versus
effect is always present. preop, Preoperative; postop, postoperative; BP,
blood pressure; CPB, cardiopulmonary bypass; ICU, intensive care unit;
ASO, arterial switch operation; RCH, Royal Children’s Hospital; PGE1,
prostaglandin E1.
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score was higher for patients than for control subjects (9
[SD 0.7] vs 5.9 [SD 0.51], P  .0004), but once again,
scores for both groups fell into a normal range. No deficits
were encountered in either group for sensory testing or
proprioception. Eight patients and 8 control subjects had
minor abnormalities of visual acuity. Hearing was mildly
impaired in 1 patient and no control subjects. Two control
subjects and no patients had mild past-pointing. Thus the
history of neonatal cardiac repair did not figure importantly
in identification of a clinical problem in the specific areas of
motor function assessed.
Intelligence testing was performed by using the Wech-
sler Preschool and Primary Scale of Intelligence or Wech-
sler Intelligence Scale for Children—Third Edition (WISC-
III) tests as appropriate for age (Appendix). Patients and
control subjects were scored for full-scale IQ, which re-
flected scores on verbal and performance subtests. All
scores were normally distributed. The distribution and sum-
mary of the full-scale, verbal, and performance subtest
scores are shown in Figure 3. Scores were significantly
higher for control subjects than for patients (108.6 [SD 12]
vs 101.9 [SD 13]; P  .0007, paired t test), but both means
were above the expected population mean (100 [SD 15])
using normative data. Therefore the statistically significant
result might not be important clinically. The difference in
full-scale score was due primarily to inequality in perfor-
mance (112 [SD 14] vs 105 [SD 12]; P .002, paired t test)
rather than verbal (103 [SD 17] vs 99 [SD 14]; P  .174,
paired t test) subtests.
We looked in further detail at the outcome of full-scale
IQ testing, stratifying the comparison according to patient
age. This was done by considering the younger group, who
were suitable for evaluation with the Wechsler Preschool
and Primary Scale of Intelligence (48-76 months, n  32)
apart from older children who were eligible for WISC-III (n
 116). The difference in mean full-scale test scores in the
younger patients was not statistically significant (108.9 [SD
13.9] vs 103.9 [SD 12.3]; P .359, paired t test). For the
older patients assessed with the WISC-III protocol, the
difference was statistically significant (108.5, [SD 12.2] vs
101.4 [SD 13.2]; P  .001, paired t test). The performance
subtest had a stronger contribution to this result than did the
verbal subtest (P  .0008 vs P  .021).
We examined the relationship between full-scale IQ
score for patients and a number of variables relating to
familial, preoperative, intraoperative, and perioperative fac-
tors, all considered to be of potential importance. The vari-
ables selected by means of the forward stepwise analysis (P
 .05) are listed in Table 3. Among those, the number of
years of paternal education (  1.52), the perioperative
detection of any neurologic abnormality perioperatively (
 6.53), birth weight (  .005), and circulatory arrest
time (5.50) had regression coefficients that were most
likely to be different than zero (P  .007, P  .08, P 
.075, and P  .06, respectively). Specifically, there was a
loss of 6.5 IQ points if a neurologic deficit had been noted.
When we assessed residuals, the multivariate R2 value for
the model was 0.13, suggesting that only a small proportion
of the variance in IQ scores could be accounted for by the
variables examined. However, a plot of the residuals sug-
gests that they were normally distributed and that the mode
of analysis was appropriate to the data.
The Achenbach Child Behavior Checklist (Appendix)
was used to allow parents to evaluate their child’s activity-
related, social, school, and behavioral skills in 118 areas.
We used raw scores for analysis, again comparing patients
with “best-friend” control subjects (Table 4). Parents of the
patients were more likely than parents of control subjects to
perceive and report that their child had any type of behav-
ioral problem (P  .04), but this did not apply to difficulty
TABLE 2. Comparison of various familial, social, and medical aspects of patients and “best-friend” control subjects
Factor TGA
Control
subjects P
Maternal age (y) 29.6 (4.7) 28.7 (4.1) .21
Birth weight (kg) 3.42 (0.46) 3.41 (0.45) .82
Age at evaluation (mo) 109.7 (34.3) 108.5 (35.5) .44
Maternal education (y) 13.1 (2.5) 12.4 (2.2) .08
Paternal education (y) 12.4 (2.7) 12.3 (2.3) .84
Maternal occupation score 2.7 (2.4) 2.2 (2.5) .27
Paternal occupation score 4.7 (1.7) 4.5 (1.9) .46
No. of children 2.7 (1.0) 2.4 (0.9) .11
Birth order 2 (1-5) 2 (1-5) .16 (Mann-Whitney)
Family structure 1 (1-4) 1 (1-4) .91 (Mann-Whitney)
Languages spoken in home 1 (1-3) 1 (1-3) 1.34 (Mann-Whitney)
Medications 4/74 3/74 1.0 (Fisher)
Seizures (presently) 1/74 0/74 —
P values reflect t test (paired) results for Gaussian continuous variables, Mann-Whitney results for non-Gaussian variables, and the Fisher exact test for
contingency tables.
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with activities or social skills (P  .58). As a consequence,
the total competence scores were lower (ie, worse) for
patients than for control subjects (P  .05).
We used the specifically designed Teacher Report Form
to allow teachers who knew the study patients, control
subjects, or both well to assess various aspects of school-
related behavior. This form is a companion to the Achen-
bach Child Behavior Checklist. Scores of 0, 1, or 2 were
assigned for the 3 teacher-determined probability categories
relating to each item, and the scores were analyzed non-
parametrically. Teachers of patients were more likely than
teachers of control subjects to suggest that there was a
problem in motor aspects of speech (P  .002), language
expression (P  .001), or learning ability (P  .023, Table
5). Patients were also more likely than control subjects to be
perceived as being withdrawn (P  .011), restless (P 
.013), or inattentive (P  .033, Table 5). The patients and
control subjects were otherwise considered to be similar by
their respective teachers.
Discussion
We have set out to compare our patients and control sub-
jects in a number of areas, some objective and some more
subjective. Both types of assessment are important because
the way that we (health care workers) view our patients
might not correspond to the perceptions of others (eg, par-
ents and teachers) who know them better and who will
interact with them in the longer term. Toward this end, the
strategy of “best-friend” control subjects has been used in
other noncardiac neonatal outcome studies and could be
superior to comparisons involving siblings or normative
population data.21
Although the neurodevelopmental results in the cohort
undergoing surgical intervention appear on average to be
quite good, there are some aspects that suggest to us that
these children might not be considered normal in all areas.
In this respect our findings support those of other studies
dealing with the same problem.
Perioperative Events
The neurologic substrate in infants undergoing cardiac sur-
gery might be different than that of other neonates. Preop-
erative injury might be important in this regard.15,22 In a
recent review of the preoperative status of 56 neonates with
a variety of congenital cardiac lesions, more than half were
found to have behavioral or neurologic abnormalities. In
addition, 35.7% had microcephaly, and 12.5% had macro-
cephaly.15 Likewise, in our own series clinical seizure ac-
tivity was more commonly observed preoperatively than
postoperatively. The high incidence of preoperative prob-
lems might be important for later outcome, as noted in our
own series and others.12 Although neonates with TGA-IVS
rarely fall into a clearly definable genetic syndrome, con-
genital predisposition to neurologic injury or developmental
delay could figure prominently as well.23 Thus a full assess-
ment of the preoperative neurologic status is important for
outcome analysis but at times is not possible because of the
poor hemodynamic status, metabolic derangements, need
for sedation and paralysis, and young age of the patients.
Figure 3. Distribution of full-scale IQ scores for patients and control subjects. The latter group scored higher, but
the means for both groups fell in the normal range. The difference in full-scale score was related primarily to the
performance rather than verbal subtest.
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The incidence of all perioperative neurologic events ob-
served in our patients is of concern, despite the fact that
most events appeared to be relatively minor, self-limited, or
both. Likewise, the finding of a higher head circumference
profile in control subjects raises concerns about the possi-
bility of structural damage, even if the TGA group has a
mean and distribution similar to that of the normal popula-
tion. This finding would need corroboration with specific
structural investigations, such as magnetic resonance imag-
ing, which was not done in our study. Because the appear-
ance of neurologic abnormalities was predictive of a poorer
performance on late IQ testing, these findings cannot be
dismissed or trivialized, despite apparent patient recovery
by the time of late follow-up. Others have noted a similar or
higher incidence of acute neurologic events related to var-
ious types of cardiac operations in children.13
Miller and colleagues24 investigated 91 term infants who
had cardiac surgery with low-flow CPB or DHCA, all at
15°C to 20°C. At discharge, 19% had decreased alertness,
15% had seizures, and various other abnormalities were
noted in a significant proportion. Decreased alertness, cho-
rea, and hypotonia were more common with circulatory
arrest times of greater than 60 minutes.
Fallon and coworkers12 noted neurologic problems (pri-
marily seizures) in 31 of 523 children assessed early post-
operatively. Arch anomalies requiring treatment were pre-
dictive of such events (16.6% of cases). In the Fuller study
6 of 19 patients available for long-term follow-up had
persistent abnormalities that could have been related to
perioperative events.
Newburger and associates3 conducted a prospective ran-
domized trial in which neonates undergoing ASO were
randomized to either low-flow (50 mL · kg1 · min1) CPB
or DHCA as the predominant strategy for intraoperative
support. The overall incidences of clinical and EEG-detect-
able seizures in the circulatory arrest group were 11% and
26%, respectively, in the first postoperative 48 hours. Pa-
tients undergoing DHCA had a higher incidence of clinical
or EEG-detectable ictal activity (odds ratio, 4.4 and 2.5,
respectively). The results were similar when DHCA dura-
TABLE 3. Variables selected for regression against full-
scale IQ score beyond 48 months for patients undergoing
ASO for TGA-IVS
Independent variable
Regression
coefficient P
Intercept 86.3 .0001
Current age 0.05 .245
Years of paternal education 1.52 .007
Age at ASO 0.12 .09
Birth weight 0.005 .075
Circulatory arrest time 5.50 .061
Perioperative neurologic problem 6.53 .08
Preoperative PO2 0.18 .362
Postoperative BP (lowest) 0.45 .229
Transport time 0.02 .3
Vision problem at late follow-up 6.46 .147
Additional variables entered into the initial equation included gestational
age, Apgar score (1 and 5 minutes), CPB time, cardiac ischemic time,
lowest temperature, days in the intensive care unit preoperatively, time on
ventilator, lowest preoperative PO2, lowest preoperative and postoperative
pH, lowest preoperative blood pressure, time from septostomy to surgical
intervention, use of prostaglandin E1, cardiac arrest, days in hospital,
mother’s education level, parents’ occupation, number of children in fam-
ily, birth order, seizures perioperatively, any perioperative neurologic ab-
normality. P is the probability that the coefficient differs from zero in the
population.
ASO, Arterial switch operation; BP, blood pressure.
TABLE 4. Comparison of patients undergoing ASO for TGA-
IVS and “best-friend” control subjects by using the Achen-
bach Child Behavior Checklist (Appendix)
Subtest Patients
Control
subjects P
Total competence 15.7 (3.3) 16.9 (3.5) .05
Activities 5.5 (1.8) 6 (1.9) .1
Social 6.6 (3.4) 6.9 (3.4) .58
Behavioral problem? 33.3 (18.7) 26.7 (19.4) .04
Total competence scores were worse for patients than for control sub-
jects.
TABLE 5. Comparison of patients undergoing ASO for TGA-
IVS and “best-friend” control subjects by using the
Teacher Report Form
Area of teacher assessment
P
(patients vs
control subjects)
Vision .405
Hearing .317
Movement .074
Manipulation .039
Speech problem .002
Language expression problem .001
Language comprehension problem .033
Learning ability .023
Aggressive .144
Submissive .083
Attention seeking .882
Withdrawn .011
Restless .013
Inattentive .033
Does not mix (children) .095
Does not mix (adults) .248
Scores were assigned by teachers in various behavioral areas and then
patients were compared with control subjects. Teachers of patients were
more likely than teachers of control subjects to suggest that there was a
problem in motor aspects of speech, language expression, or learning
ability. Patients were also more likely than control subjects to be perceived
as being withdrawn, restless, or inattentive.
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tion (as opposed to use) was used as the dependent variable
for EEG seizure probability, and in this respect there did not
appear to be a completely safe duration of circulatory arrest.
In our own study the incidence of perioperative clinical
seizure activity was 6.8% (95% CI, 2%-15%). If patients
who had seizure activity before ASO are excluded, then the
incidence decreases to 1.4% (95% CI, 0%-7%). Because
EEG monitoring was not routinely used (especially during
periods of paralysis and narcosis), the true prevalence of
ictal activity in our patients is unknown and, of course, is
likely to have been understated. This is compounded by the
retrospective nature of the data collection. No choreoathe-
tosis was observed in our patients.
Late Neurodevelopmental Status
When patients in the Boston study cited above were reeval-
uated at 1 year, the use of circulatory arrest predicted lower
indices by using the Bayley Scales of Infant Development
(P  .01).25 The scores decreased with DHCA duration, as
the risk of finding any neurologic abnormality increased.
Perioperative seizures were associated with lower IQ scores
and an increased likelihood of magnetic resonance imaging
abnormalities. As in our own study, however, perioperative
seizures did not predict seizure activity later in life.
At 4 years of age, the full Boston study cohort was
somewhat below expectation in IQ, expressive language,
visual-motor integration, motor function, and oromotor con-
trol.26 DHCA did not, however, predict a lower IQ score.
The IQ mean of 92.6  14.7 decreased slightly below the
population mean (P  .001). As in our own study, social
aspects (paternal education in the Royal Children’s Hospital
group) were thought to explain an important fraction of IQ
variation. Also, at 4 years, 28% of patients were believed to
have a possible neurologic abnormality, and 30% had a
definite abnormality. Perioperative seizure activity pre-
dicted a loss of full-scale IQ (12.6 points for clinical sei-
zures and 7.7 points for EEG-detected seizures).
The differences between patients and control subjects in
our study were more important in the older patients than in
the younger ones. This is concordant with the known rela-
tive lack of predictive value of IQ testing in very young
children, and thus the finding might be of clinical signifi-
cance as well. However, without longitudinal assessment of
the same patients, the importance of this finding is difficult
to establish.
Our study results support those of the Boston investiga-
tors because for our patients, the presence of any perioper-
ative neurologic abnormality was inversely related to IQ test
scores after 48 months (loss of 6.5 IQ points). Taken as an
isolated variable, seizure activity did not predict poorer IQ
test results in our patients, but the small number of patients
(n  5) would not have provided sufficient power to detect
this relationship with confidence. By using the high-flow
CPB strategy with limited circulatory arrest, however, no
CPB-related parameter, including arrest time, appeared to
influence this outcome.
Use of DHCA and Late IQ
Low full-scale IQ scores have been reported after operations
for various congenital heart lesions, in most cases for op-
erations performed with low-flow CPB or DHCA.2,4-7 The
results have been variable, however, as might be expected
when diverse perioperative strategies are used in multiple
institutions. Whether all of these findings can be generalized
to the ASO is debatable, even though the converse seems
more likely.
Mahle and colleagues4 looked at 115 school-age (9  2
years) children with hypoplastic left heart syndrome
(HLHS; all survivors of the Norwood sequence with
DHCA). The median full-scale IQ was 86 points (range,
50-116 points). Eighteen percent had an IQ score of less
than 70, and a lower IQ score was predicted by the presence
of perioperative seizures. Kern and associates8 investigated
14 HLHS survivors older than 3 years of age. The full-scale
IQ score was 88, with an adaptive behavior score of 91
(normal, 100  15). There was a negative correlation of
DHCA time and full-scale IQ. After surgical intervention
for HLHS, pathologic studies of the brains of nonsurvivors
have suggested that a DHCA time of greater than 40 min-
utes was associated with the presence of certain acquired
brain lesions.16
In a recent study from Oates and coworkers,1 IQ was
measured in 114 children 9 to 10 years after operations for
cyanotic and acyanotic heart disease. The analysis sug-
gested a loss of 3 to 4 IQ points per 10 minutes of DHCA
arrest time. The inverse relationship of IQ to arrest time (P
 .002) was similar for both verbal and performance
subtests.
Haneda and colleagues9 reported results of IQ testing for
161 infants and children undergoing a variety of cardiac
surgical procedures at a mean age of 3.6 years, using pre-
operative IQ test results as the control. Although overall
there was no change in developmental quotient or IQ, pa-
tients who had a DHCA arrest time of greater than 50
minutes showed a significant decrease in IQ scores.
Clarkson and associates10 analyzed 76 long-term survi-
vors of cardiac operations performed at 4 days to 26 months
with DHCA. At late follow-up, the mean IQ was 92.9 
16.5, with no relation of scores to duration of DHCA. Low
birth weight for gestational age, preoperative neurologic
problems, and low socioeconomic status all had better pre-
dictive value for lower IQ scores.
DHCA is a useful and time-honored tool for pediatric
cardiac surgeons, but patients for whom this strategy re-
mains essential constitute a vanishing cohort. Whether there
is a completely safe duration of DHCA remains a subject of
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debate. In the current era, however, the benefit of circulatory
arrest might be greater for the surgical team than for the
patient. Since 1994, the authors have not routinely used
circulatory arrest for any part of the ASO for TGA-IVS. The
current strategy is full-flow CPB at greater than 28°C with
bicaval cannulation. This change in technique has not com-
promised our ability to achieve a good technical repair.17
This has also been the case for other lesions requiring neonatal
repair, notably aortic arch reconstruction. Whether this strategy
will improve long-term outcome remains to be seen.
Limitations of the Present Study
1. Our study is retrospective.
2. Not all eligible patients could be assessed, although
we could not identify any reason that this might skew
the population or introduce any type of bias.
3. The use of “best-friend” control subjects has the po-
tential problem of matching children with similar IQ
scores and social skills. This effect is amortized by the
tendency for friendships to develop on the basis of
geographic proximity in the age groups under consid-
eration. In any case, any type of control group will
present limitations in a study of this type.
4. Intelligence is not a fixed biologic trait but relates to
experience and thus can evolve over time. The corre-
lation of infant, child, and adult scales might not be
strong. Our study was neither prospective nor longi-
tudinal, and further assessment over time will be re-
quired. This is true for most other published studies.
5. Detailed preoperative neurologic assessment was not
consistently available because some patients were se-
dated, paralyzed, and ventilated or otherwise not eas-
ily assessed before the operation. This limitation is not
unique to our study but is a common feature in this
type of outcome analysis.
6. EEG monitoring, chromosomal analysis, and neuro-
logic imaging were not consistently used during the
course of this study. It is possible that identification of
clinically silent ictal activity could have altered some
of the inferences.
7. All patients in the study had at least a brief period of
circulatory arrest, although at a higher temperature
(22°C) than that required for longer DHCA times. The
findings might have been strengthened if neither cir-
culatory arrest nor low flow had been used, as is our
current practice. To further validate our conclusions,
contemporary groups of patients operated on with
DHCA and low-flow CPB in our own institution
would have been needed. It is unlikely that even a
prospective study of this type could be conducted in
light of current evidence regarding DHCA.
8. Factors other than the conduct of CPB might be im-
portant to the outcome of TGA surgery, as well as for
all other congenital cardiac problems.
Conclusions
By using a strategy of full-flow CPB with minimal circula-
tory arrest, the risk of perioperative neurologic abnormali-
ties was low but not insignificant. The perioperative factors
analyzed, including those relating to CPB and DHCA time,
did not have strong predictive value for perioperative neu-
rologic events. Although patients scored lower then control
subjects on IQ testing at late follow-up, the IQ scores for
both groups fell within the normal range. The presence of a
perioperative neurologic deficit was predictive of poorer IQ
test results, but other factors analyzed (excepting level of
paternal education) did not have strong predictive value.
Patients were more likely to have mild abnormalities at late
neurologic assessment, but there was not a strong trend for
involvement of any specific area of function. The parents
and teachers of patients were more likely to perceive a
social or behavioral problem. The general development and
freedom from continued medical care, drug therapy, and
extracardiac problems are similar for the patients and con-
trol subjects. With objective consideration, these results
probably cannot be interpreted as clinically or statistically
better than those in other published series in which different
bypass strategies were used. Thus although the continued
use of full-flow CPB with minimal or no circulatory arrest
is justified by the findings of this study, further investigation
and refinement will be important for achieving optimal
neurodevelopmental outcome.
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Appendix: Neurodevelopmental Assessment Instru-
ments Used in This Study
Wechsler Intelligence Scale for Children—Third
Edition (WISC-III)
This test is a downward extension of adult intelligence scales and
the most widely used test for children aged 6 to 17 years.1 It
consists of 13 subtests (6 verbal and 7 performance). The emphasis
is on the global nature of intelligence, and no one facet is over-
emphasized. Full-scale, verbal, and performance scores are gener-
ated. Reliability has been well validated. Scores of greater than
120 are considered superior, and those less than 70 are indicative
of mental retardation. A score of 90 to 109 is the average range.
Wechsler Preschool and Primary Scale of Intelligence
This test is a further downward extension of the Wechsler scales
for use in children 3 to 6 years of age.2 The test is designed to
produce results interpretable in the same context as those of the
WISC-III. The design takes into account generation of interest
among young children. Standardization and interpretation are well
validated.
Achenbach Child Behavior Checklist (CBCL)
This is an instrument suitable for behavior analysis in children
ages 4 to 18 years.3 The CBCL/4-18 (suitable for 4- to 18-year-old
subjects) obtains parents’ reports of children’s competence and
behavioral-emotional problems. Parents provide information for
20 competence items covering their child’s activities, social rela-
tions, and school performance. The CBCL/4-18 has 118 items that
describe specific behavioral and emotional problems plus 2 open-
ended items for reporting additional problems. The scales are
based on principal component analyses of parents’ ratings of 4455
clinically referred children and are normed on 2368 children aged
4 to 18 years. The normative sample was representative of the 48
contiguous states for socioeconomic status, ethnicity, region, and
urban-suburban-rural residence. Children were excluded from the
normative sample if they had been referred for mental health or
special education services within the past year. The CBCL/4-18
Total Problems score has a 1-week test-retest reliability r value of
0.93, whereas the interparent agreement is an r value of 0.76.
Movement Assessment Battery for Children
(Movement ABC)
This is a non–sex-specific standardized test of children’s motor
skills devised by Henderson and Sugden.4 It measures motor skills
that are needed on an everyday basis, some of which will have
educational significance. The test is appropriate from age 4 years
onward and is administered at a level appropriate for the child’s
age. The test is divided into 3 main areas: manual dexterity, ball
skills, and balance. The higher the score, the greater the impair-
ment. A score of greater than 13 for children older then 6 years and
a score of greater than 16.5 in 4- to 5-year-old children is indic-
ative of a definite motor problem.
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